The nucleotide sequence of a 3,162-base-pair (bp) segment of DNA containing the FNR-regulatedfumB gene, which encodes the anaerobic class I fumarase (FUMB) of Escherichia coli, was determined. The structural gene was found to comprise 1,641 bp, 547 codons (excluding the initiation and termination codons), and the gene product had a predicted M, of 59,956. The amino acid sequence of FUMB contained the same number of residues as did that of the aerobic class I fumarase (FUMA), and there were identical amino acids at all but 56 positions (89.8% identity). There was no significant similarity between the class I fumarases and the class II enzyme (FUMC) except in one region containing the following consensus: Gly-Ser-Xxx-Ile-Met-Xxx-XxxLys-Xxx-Asn. Some of the 56 amino acid substitutions must be responsible for the functional preferences of the enzymes for malate dehydration (FUMB) and fumarate hydration (FUMA). Significant similarities between the cysteine-containing sequence of the class I fumarases (FUMA and FUMB) and the mammalian aconitases were detected, and this finding further supports the view that these enzymes are all members of a family of iron-containing hydrolyases. The nucleotide sequence of a 1,142-bp distal sequence of an unidentified gene (genF) located upstream of fumB was also defined and found to encode a product that is homologous to the product of another unidentified gene (genA), located downstream of the neighboring aspartase gene (aspA).
Fumarase or fumarate hydratase (FUM; S-malate hydrolyase; EC 4.2.1.2) catalyzes the interconversion of fumarate and L-malate. Gene-cloning and enzymological studies have recently shown that Escherichia coli K-12 possesses at least three fumarase genes (fumA, fumB, and fumC), each encoding a different fumarase: FUMA, FUMB, and FUMC (7, 8, 40) . ThefumA andfumC genes are adjacent at 35 .5 min in the linkage map, whereas thefumB gene is located close to the mel operon at 93.5 min. The three enzymes represent two biochemically distinct classes of fumarase, class I and class II, which probably correspond to two general classes of hydrolyase (40) . The class I enzymes, FUMA and FUMB, are typically thermolabile homodimeric enzymes of Mr 120,000 (2 x 60,000), and it has been suggested that they are members of a family of iron-dependent hydrolyases which includes aconitase and maleate hydratase (17, 40) . Indeed, it has recently been shown that the activity of the labile FUMA of E. coli W can be restored by anaerobic incubation with ferrous ions and thiol compounds (43) . The fumA gene has been sequenced (16) , and it is sufficiently homologous to the fumB gene for hybridization to occur under high-stringency conditions (7) . The class II enzymes are typified by FUMC, which is a thermostable enzyme of native Mr 200,000 comprising four identical subunits (4 x 50,000). The fumarases of Bacillus subtilis, Saccharomyces cerevisiae, and mammalian sources are all class II enzymes having a remarkably high degree of sequence identity with FUMC (.60%) and with the aspartases (38%) and argininosuccinases (15%) from several sources (17, 20, (38) (39) (40) . However, there is no significant homology between the class I (FUMA) and class II fumarases except for one segment containing a Gly-SerXxx-Ile-Met-Xxx-Xxx-Lys-Xxx-Asn consensus.
The physiological functions of the three E. coli fumarases have been investigated with mutants defective in one or more of the genes, with transformants containing multicopy plasmids expressing each of the genes, and with strains containing single-copy fum-lacZ translational fusions in which a hybrid P-galactosidase is expressed from each of the fum promoters (10, 37, 40) . These investigations have shown that multiple copies of each of the genes complement the nutritional lesions (affecting aerobic respiratory growth on fumarate or anaerobic respiratory growth on glycerol plus malate) that are exhibited by different fum mutants. However, it is clear that FUMA is a citric acid cycle enzyme, because it is strongly expressed under aerobic conditions but repressed by glucose and anaerobiosis. The anaerobic repression is presumably mediated by the arcA (dye)-encoded regulator of aerobic metabolism (11) . This contrasts with FUMB, which is strongly expressed during anaerobic respiratory growth with glycerol plus fumarate but is otherwise only weakly induced by anaerobiosis and relatively insensitive to catabolite repression. Furthermore, the anaerobic expression of FUMB is reduced infnr mutants and amplified by a multicopy fnr plasmid (37) , which is consistent with FUMB being an anaerobic enzyme requiring the anaerobic transcription factor (FNR; 23, 24) for expression. The relative affinities of the two enzymes for fumarate and malate are also consistent with specific aerobic and anaerobic functions, because FUMA has the properties of a fumarate hydratase, whereas FUMB is a malate dehydratase (40) . Thus, it appears that E. coli contains two analogous but differentially regulated class I fumarases, specifically adapted for reciprocal roles in the overall oxidation of fumarate in the citric acid cycle (FUMA) (FUMA and FUMB) at both the DNA and protein levels. Significant homologies were also detected between the cysteine-containing sequences of aconitase and the class I fumarases. A partial sequence was obtained for an unidentified gene (genF) that is adjacent to fumB, and its product was found to be very similar to that of another unidentified gene (genA) lying next to the aspartase gene (aspA) just 17 kilobase pairs (kbp) from genF in the E. coli chromosome.
MATERIALS AND METHODS
Bacterial strains, plasmids, and bacteriophages. E. coli GM242 (dam-3 recAl) was used as a transformable host for plasmid construction and preparing Bc/I-susceptible plasmid DNA (14) , and JM101 [thi supE A(proAB-lac) (F' traD36 proAB+ lacZAM15 laclq)] was used for propagating M13 derivatives (15) . Plasmid pGS93 (fumB+) was the source of DNA for sequencing the fumB gene (Fig. 1) . It was derived by recloning a 3.85-kbp HindIII-BamHI fragment (H-B) from pGS56 (fumB+-malAB+) into the corresponding sites of pBR322 (7) . The replicative forms of M13mpl8 and M13mpl9 were used as vectors for preparing DNA templates for sequence analysis (41) .
Nucleotide sequence analysis. The sequencing strategy involved cloning specific fragments of pGS93 obtained with different combinations of EcoRI, BamHI, BclI, BglII, PstI, and SphI into the corresponding sites of M13mpl8 and M13mp19 (Fig. 1) . Single-stranded M13 DNA templates were sequenced by the dideoxy-chain termination method, using two universal primers, [a-35S]thio-dATP, and buffer gradient gels with DNA polymerase (Klenow fragment) or Sequenase (2, 21, 32) . The amount of sequence obtained from some clones was increased by using specific oligonucleotide primers designed on the basis of the initial sequences or on the fumA sequence (once the very close homology between fumB and fumA had become apparent). The oligonucleotide primers were made with an Applied Biosystems 381A DNA synthesizer. Nucleotide sequences were compiled and analyzed with the Staden computer programs (26, 27, 29, 30) , and sequence comparisons were made by using the DIAGON (28) Fig. 1 (7, 8) . The complete nucleotide sequence of an overlapping 3,162-bp HindIII-HpaI fragment was determined ( Fig. 1 and 2 ). The sequencing strategy involved cloning specific restriction fragments in M13 and sequencing the inserts with the aid of several synthetic oligonucleotide primers (Fig. 1) . The nucleotide sequence (Fig. 2) GATGGGGAAAGACAATACCGAATACTATCTACTCACTTCCGATTACGTTAGCGTTGCCGACTTCGACGGCGAAACCATCCTGAAAGTGGA  1270  1280  1290  1300  1310  1320  1330  1340   1350  50  60 70 TCTTCACGATCCAGAAGCCAGCGAAAACGACAAGTACGTGGCGCTGCAATTCTTAAGAAACTCCGAAATCGCCGCCAAAGGCGTGCTGCC   1450  1460  1470  1480  1490  1500  1510  1520   1530 110 120 ITAFT   GTATCTCTACCAGGAAACCAAAGCCCTGCTGACTCCCGGCAAACTGAAAAACTTCCTCGTCGAGAAAATGCGTACCCTCGGTACTGCAGC   181C  1820  1830  1840  1850  1860  1870  1880  1890  230  240  250  C   P P Y H   I  A  F  V  I  G  G  T  S  A  E  T  N  L  K  T  V  K  L  A  S  A  H  Y  Y   CTGCCCGCCGTACCATATCGCGTTTGTGATTGGCGGTACGTCTGCGGAAACCAACCTGAAAACCGTCAAGTTAGCAAGCGCTCACTATTA   1900  1910   1920  1930  1940  1950  1960  1970  1980  260 rPVUIIi CCAGCTGGAACAGGAACTGCTGGAAGAGGCCCAGAAACT   1990  2000  2010  2020  2030  2040  2050  2060  2070  290  300 CGGTCTTGGCGCGCAGTTTGGCGGTAAATACTTCGCGCACGACATTCGCGTTATCCGTCTGCCACGTCACGGCGCATCCTGCCCGGTCGG   2080  2090   2100  2110  2120  2130  2140  2150  2160  320 330 GATTGACGCCGGTAAAGAACTTCCGCAGTACATCAAAGATCACCCGATCTACTACGCGGGTCCGGCGAAAACCCCTGCCGGTTATCCATC   2440  2450  2460  2470  2480  2490  2500  2510  2520   440  450 FBclI} 460 AGGTAACCGCAGTCAGCAGGTTACCGACGCGTGTCATAAACACGGCGGCTTCTACCTCGGTAGCATCGGCGGTCCGGCGGCGGTACTGGC   2620  2630  2640  2650  2660  2670  2680  2690   2700   500 510 520 GCAGCAGAGCATCAAGCATCTGGAGTGCGTCGCTTATCCGGAGCTGGGTATGGAAGCTATCTGGAAAATCGAAGTAGAAGATTTCCCGGC  2710  2720  2730  2740  2750  2760  2770  2780  2790  530 540 547 (Fig. 3) . The frequency of modulatory codons (0.9%) is extremely low, and the distribution of optimal energy codons (56%) in the diagnostic set suggests that fumB is moderately expressed (6 (6) . Initiation codons are included with the methionine codons for the fumA (16) and fumB sequences.
which the corresponding values are 3.0 and 51% (fumA) and 3.9 and 46% (fumC) (16, 39) .
A putative promoter sequence was detected in the relatively short 77-bp genF-fumB intergenic region by using the ANALYSEQ program (29) (Fig. 2) 1093) , no sequences resembling the CRP-binding site consensus were detected in a comparable search of the fumB promoter region. This is consistent with the observation that fumB is not subject to catabolite repression (37) .
The sequence contained two significant regions of dyad symmetry immediately downstream of the fumB structural gene (Fig. 2) 34) , although it overlapped the palindromic sequence. There was also a T-rich sequence some 7 bp further downstream, which suggests that one or both of these potential secondary structures function as a rho-independent terminator for fumB (19) .
Comparison between FUMB and FUMA. The fumB gene was found to encode a product of Mr 59,956. This value is reasonably close to that of 61,000 predicted for FUMB from its electrophoretic mobility in denaturing polyacrylamide gel (7) . The FUMB monomer is only slightly smaller than the FUMA monomer (Mr, 60,163). The two proteins contain the same number of amino acid residues (547, excluding the initiating formylmethionine) and have very similar amino acid compositions (Fig. 3) . The major differences involve charged residues, FUMB having six fewer arginine residues and two fewer glutamate residues. However, the net difference of four negative charges in FUMB is to some extent offset by the presence of three additional histidine residues in FUMB.
The A putative active-site decapeptide of FUMA is totally conserved in the FUMB sequence: Gly-Ser-Met-Ile-MetLeu-Ala-Lya-Gly-Asn, residues 455 to 464 (Fig. 4) . This sequence was detected in FUMA as the only region showing significant homology with FUMC and with other members of the class II fumarase-aspartase-argininosuccinase family of enzymes (38, 40) . Indeed, the five underlined residues are invariant in eight independent sequences representing the three types of enzyme. They include a putative active-site methionine residue (Met-459 in FUMA and FUMB) and a lysine residue (Lys-462 in FUMA and FUMI3) that may be important in binding the dicarboxylic acid substrates. The high degree of sequence conservation in the decapeptide strongly suggests that the corresponding residues perform similar functions in both the class I and class II fumarases.
Each of the 9 cysteine residues is conserved between FUMA and FUMB; 9 of the 10 methionine and 10 of the 12 or 15 histidine residues are likewise conserved (Fig. 4) .
The It has previously been suggested that the class I fumarases belong to a family of iron-and sulfur-containing carboxylic acid hydrolyases which includes aconitase, maleate dehydratase, and hydroxyglutaryl-coenzyme A dehydratase (17, 22, 40) . Evidence supporting this view comes from the relatively high instability of these enzymes, their high cysteine contents (1.5% by weight), and the presence of cysteinyl-prolyl sequences. The latter are relatively infrequent except in ferredoxins and other proteins containing Fe-S clusters, in which the cysteine residues serve as ligands for the Fe atoms of the clusters. Further support has now been obtained by demonstrating that inactive FUMA can be reactivated by Fe2+ and thiol reagents under anaerobic conditions and by showing that purified FUMA is brown and contains a characteristic shoulder at 280 to 420 nm in its absorption spectrum (43; D. H. Flint, personal communication).
The sequences of several tryptic peptides containing seven of the estimated 11 or 12 cysteine residues in beef heart aconitase have recently been added to that of a single peptide containing the reactive cysteine residue of pig heart aconitase (9, 18) . A linear compilation of the aconitase sequences was compared with the complete FUMA and FUMB sequences by using the DIAGON program (28) . Several significant homologies (double-matching probability, <0.001; span, 9 to 13) were detected, primarily with the cysteine-containing regions of the fumarases (Fig. 5) . The similarities with the pig heart peptide are primarily due to the presence of the cysteinyl-prolyl dipeptide, which it shares with the two cysteiny-prolyl-containing regions in the fumarases (underlined in Fig. 5) . Three of the beef heart peptides (P3, P7, and P8) are similar to two different fumarase segments, whereas one of the peptides (P9) is similar to only one cysteine-containing region. The Sequence similarities between cysteinyl-containing segments of FUMA and cysteinyl-tryptic peptides of mammalian aconitases. Sequences resembling the reactive cysteinyl peptide of pig heart aconitase, IQLLCPLLNQFDK (9) , are underlined. Similarities to cysteinyl peptides from beef heart aconitase, numbered according to the method of Plank and Howard (18) , are shown (*) to signify identities and colons indicating conservative substitutions scoring .0.1 in the MDM78 matrix (28) . Cysteine residues are boxed, the hyphen in P9 denotes an insertion which optimizes the similarity, and the plus sign in P8 denotes an unidentified residue. and the C-terminal segment of fumarase is particularly interesting because two neighboring cysteine residues are conserved, and there is evidence relating disulfide formation in P7 to disruption of the Fe-S cluster of aconitase (22) . The existence of such similarities is consistent with the view that the class I fumarases and aconitase are structurally related enzymes. Three of the aconitase peptides (P4, P5, and P10) exhibited significant homologies with unique fumarase segments that lacked cysteine residues. In the case of P5, there is a conserved histidine residue (Fig. 5 ), but this is replaced in FUMB. The peptide (P4) containing the reactive (but nonessential) cysteine residues of beef heart aconitase shows no similarity with any of the cysteine-containing regions of the fumarase but is similar to a region containing a conserved tryptophan residue. The reactive cysteine peptide of the rat heart enzymes likewise shows no similarity to any of the cysteine peptides thus far defined for the beef heart enzyme.
Features of the unidentified genF product. The partial sequence of the gene located upstream of thefumB gene was designated genF; the partial sequence of its product, GP-F, is shown in Fig. 2 . In an attempt to identify GP-F, its sequence was compared with those in a data base containing over 8,000 protein sequences, using the DAPSEARCH program (3, 4) . This revealed an extremely strong similarity between GP-F and the product (GP-A) of another unidentified E. coli gene (genA), which is located immediately downstream of the aspartase gene, aspA. An indication of the homology between GP-F and GP-A comes from the estimate that >1014 data bases of the same size would have to be analyzed before a comparable match would occur by chance. No other significant homologies were detected. The relative positions of fumB, genF, aspA, and genA in the linkage and physical maps of E. coli are illustrated in Fig. 6 . A partial sequence for genA was obtained previously in this laboratory during the sequencing of the aspA and fumC genes of E. coli K-12 (39) . A complete sequence for the genA gene of E. coli W had likewise been obtained during analysis of the aspA gene of this strain (33) , but there is now reason to believe that this sequence is also incomplete. Initial comparisons between GP-F and GP-A showed that the sequence similarity at the putative C terminus of GP-A k g i l 7 . Alignment of partial amino acid sequences of the GP-A (genA) and GP-F (genF) proteins. The GP-A sequence was translated from the genA region of E. coli W (33) after introduction of 2 bp at a stop codon (+) (see text). This extends the region of homology and maintains the alignment, but the sequences immediately adjacent to the frameshift (+) should be regarded as uncertain. The amino acid coordinates of GP-F are bracketed because the sequence is preceded by an N-terminal segment of unknown length, and those at the C-terminal end of GP-A are in inverted commas because of uncertainties about the effects of the frameshift: *, identical residues; :, conservative substitutions having scores of .0.1 in the MDM78 matrix (28) .
(residue 365) could be extended a further 46 residues by incorporating the whole of the published sequence previously thought to lie outside the genA coding region in E. coli W (33) . An insertion of 2 bp (or a deletion of 1 bp) close to or within the original stop codon would reestablish a reading frame having codon preferences that are typical of those of E. coli genes. It would therefore appear that both of the inferred amino acid sequences are incomplete, GP-F at the N terminus and GP-A at the C terminus.
An alignment of the two partial sequences, in which the similarity has been optimized by introducing several insertions or deletions, is shown in Fig. 7 . Some 38% of 343 equivalenced residues are identical, and the degree of similarity increases to 68% when conservative changes are included. The GP-F and GP-A sequences have a very high proportion of hydrophobic residues, as is well illustrated by the respective hydropathy profiles (Fig. 8) . Both sequences contain several hydrophobic segments resembling those found in integral membrane proteins. Furthermore, a-helical secondary structures were strongly predicted for some of these segments, which indicates that they are probably membrane-spanning a-helices. If the homology between the two proteins is sustained through to comparable N-terminal and C-terminal extremities, it is likely that genF and genA each encode a membrane protein of Mr 46,000 to 47,000.
Conclusion. This analysis of the fumB gene amply confirms that E. coli possesses two structurally analogous but differentially regulated fumarases of the relatively labile dimeric type (class I). Expression of the fumB gene is activated under anaerobic conditions by FNR (37) . This contrasts with fumA expression, which has recently been shown to be activated by the cyclic AMP-CRP complex and repressed anaerobically by the arcA (dye)-encoded regulator (J. R. Guest and R. S. Buxton, unpublished observations). The kinetic properties of the two enzymes also indicate that the enzymes are specifically adapted for the dehydration of malate or the hydration of fumarate in order to perform specific roles in anaerobic metabolism associated with fumarate respiration (FUMB) or aerobic respiratory metabolism involving the citric acid cycle (FUMA). This situation exactly parallels that of fumarate reductase and succinate dehydrogenase, in which the corresponding frdABCD and sdhCDAB operons are subject to the same differential regulation by FNR in one case and the cyclic AMP-CRP complex plus the anaerobic repressor in the other, and the enzyme complexes are specifically adapted to accept electrons from menaquinione in fumarate respiration (fumarate reductase) or to donate electrons to ubiquinone in aerobic respiration (succinate dehydrogenase) (11, 17, 24, 35) . The degree of sequence conservation between the coregulated aerobic and anaerobic enzymes is particularly high for the fumarases (90% identity) compared with the flavoprotein and ironsulfur protein subunits of the oxidoreductases (44 and 38%, respectively; 5, 36). The greater divergence of the latter may reflect the importance of independent subunit interaction specificities that may be needed for assembling the membrane-bound enzyme complexes.
The function of the structurally distinct, stable, and tetrameric class II enzyme, FUMC, is not clear. Its (37, 40) . The properties of the class I enzymes previously indicated that they are related to aconitase and other hydrolyases in containing Fe-S clusters (17) . This view is strengthened by the similarities that have been detected between the cysteine-containing regions of FUMA and FUMB and the mammalian aconitases. It also raises the intriguing question of whether there is a second class of aconitases resembling FUMC and whether some organisms can express more than one class of aconitase.
It is noteworthy that the aspartase, asparaginase II, and fumarase B genes resemble the fumarate reductase operon in being positively regulated by FNR (12, 37) . The enzymes are likewise functionally related to the fumarate reduction system insofar as they are involved in the conversion of aspaftate, asparagine, or malate to fumarate, the anaerobic electron acceptor. It may also be significant that the aspA, fumB, and frdABCD genes are clustered in a small segment of the linkage map and that the genes adjacent to aspA and fumB encode a pair of homologous and extremely hydrophobic proteins. The corresponding gene orders differ, genF-fumB and aspA-genA, but in each case the intergenic regions are relatively small, and it is possible that the gene pairs are coregulated or even cotranscribed. If so, the genA and genF products could perform analogous functions in, for example, the membrane transport of aspartate and fumarate under anaerobic conditions.
